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To estimate the accuracy of cardiac output measured by 
continuous wave Doppler echocardiography from the su- 
prasternal notch and the utility of this method for evaluat- 
ing left ventricular function during dynamic exercise, si- 
multaneous thermodilution and Doppler cardiac output 
were measured in 34 patients with coronary artery disease 
during multistage ergometer exercise in the supine position. 
Cardiac output was measured at rest and during each stage 
of exercise. Twenty-five of the 34 patients whose thermodi- 
lution curves were adequate for analysis were studied 
during exercise. The correlation coefficient for the two 
methods was 0.85 at rest and 0.84 during exercise. Differ- 
ences between the two methods were not significant at rest 
but were significant during exercise, with the thermodilu- 
tion method giving the higher values. Underestimation by 
the Doppler method is probably due to technical problems 
and changes in aortic diameter during exercise. 
The 25 patients were classified into two groups accord- 
ing to pulmonary artery wedge pressure at peak exercise. 
Cardiac output is the primary indicator of the functional exercise (7,8). Recently, the development of Doppler echo- 
capacity of the circulation to meet the increased demands cardiography has offered a reliable method for measuring 
during physical exertion. Accordingly, accurate measure- cardiac output noninvasively as well as instantaneously. 
ment of cardiac output during exercise is important in Although the Doppler method has been compared with 
evaluating patients with cardiovascular disease. It can be invasive measurements of cardiac output at rest (9-13), 
measured by several different methods (l-6). Conventional similar validation has rarely been performed during dynamic 
invasive methods are limited by the risk of complications exercise (14-16). especially in patients with coronary artery 
and by the biologic error of measurement obtained during disease. 
From the Cardiology Section, First Department of Internal Medicine and 
the *Department of Laboratory Medicine, Nagoya University School of 
Medicine, Nagoya and the +Department of Internal Medicine, Fujita-Gakuen 
Healthy University School of Medicine, Hisai, Mie, Japan. 
Manuscript received April IS, 1988; revised manuscript received July 20, 
1988, accepted August 3, 1988. 
Address for reorints: Mitsuhiro Yokota, MD, Department of Laboratory 
Medicine, Nagoya University School of Medicine, 65 Tsurumai-cho, Showa- 
ku, Nagoya 466, Japan. 
01989 by the American College of Cardiology 
There were 11 patients in Group 1 pressure (220 mm Hg at 
peak exercise) and 14 in Group 2 pressure (<20 mm Hg at 
peak exercise). There were significant differences in the 
change in cardiac index and in peak aortic velocity from 
rest to peak exercise between the two groups. A significant 
linear correlation between the percent change in peak 
aortic velocity and in pulmonary artery wedge pressure 
from rest to peak exercise was observed (r = -0.66, p < 
0.001). 
These results indicate that : 1) continuous wave Doppler 
echocardiography can provide a noninvasive, reliable tech- 
nique for measuring cardiac output during dynamic exer- 
cise testing in the supine position; and 2) the percent change 
in peak aortic velocity from rest to peak exercise may be a 
useful index for discriminating between patients with a 
normal versus an elevated pulmonary artery wedge pres- 
sure during exercise testing. 
(J Am Co11 Cardiol1989;13:76-83) 
The purpose of our study was to investigate the continu- 
ous wave Doppler echocardiography 1) as an accurate 
method for measuring cardiac output during dynamic exer- 
cise testing, and 2) as a feasible technique for evaluating left 
ventricular function in patients with coronary artery disease 
during symptom-limited supine position exercise testing. 
That is, initially, we compared cardiac output results ob- 
tained by the Doppler method with those obtained simulta- 
neously by the thermodilution method during supine position 
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ergometer exercise testing, and estimated the accuracy of 
continuous wave Doppler echocardiographic measurements 
during exercise. We then classified patients with stable effort 
angina pectoris into two groups according to an invasive 
variable (pulmonary artery wedge pressure) and estimated 
whether Doppler-derived peak velocity of ascending aortic 
blood flow would be a reliable indicator of left ventricular 
performance during exercise testing. 
Methods 
Study patients. We studied 34 patients with coronary 
artery disease undergoing cardiac catheterization and multi- 
stage bicycle ergometer exercise testing in the supine posi- 
tion. Their average age was 54 years (range 33 to 71). 
Patients with aortic valve disease were excluded. All pa- 
tients had sinus rhythm at rest and during exercise. Nine of 
the 34 patients were studied only at rest because a favorable 
thermodilution curve could not be obtained during exercise. 
The other 25 patients had typical exercise-induced angina 
pectoris and were studied both at rest and during exercise. 
To evaluate left wntricular ,firnction during symptom- 
limited exercise trsting, the 25 patients were classified into 
two groups according to an invasive variable at peak exer- 
cise. Group 1 consisted of 11 patients with a pulmonary 
artery wedge pressure 220 mm Hg at peak exercise; Group 
2 included 14 patients with a pressure of ~20 mm Hg at peak 
exercise. The age of Group 1 patients averaged 57 years 
(range 38 to 71). Six had single vessel coronary disease, two 
had double vessel disease and three had triple vessel disease. 
Six had zxperienced a prior myocardial infarction. Left ven- 
triculography showed an ejection fraction ranging from 37 to 
77%. The 14 patients in Group 2 averaged 36 years of age 
(range 38 to 68). Eleven had single vessel disease and two had 
double vessel disease; one had normal coronary arteries. 
Eight had a prior myocardial infarction. Left ventriculogra- 
phy showed an ejection fraction ranging from 45 to 80%. 
All cardiac medications were withdrawn for at least 48 h 
before the exercise test. Each subject was informed in detail 
of the purpose and method of this study and then gave 
written informed consent. 
Right heart catheterization. A triple lumen thermistor 
Swan-Ganz catheter was positioned in the pulmonary artery 
percutaneously through the brachial vein to measure cardiac 
output and pulmonary artery wedge pressure. The thermo- 
dilution method was used to determine cardiac output at rest 
and during exercise. The thermodilution curve, recorded 
using the thermodilution cardiac output computer (General 
Scanning Inc., model RI-SDCP), was inspected to check for 
consistency before the results would be accepted as re- 
flecting cardiac output. Irregular curves (not smooth and not 
characterized by a rapid peak) were rejected from the study. 
A Teflon catheter was also cannulated in the radial artery for 
direct measurement of arterial pressure. 
Doppler echocardiography. Two-dimensional and Dop- 
pler studies were obtained using phased-array echocardio- 
graphic-Doppler imaging systems (Hitachi EUB-150). Two- 
dimensional echocardiography was performed to measure 
the diameter of the aorta with the standard parasternal 
long-axis view. The cross-sectional aortic area was calcu- 
lated from the diameter, at the level just above the sinuses of 
Valsalva. obtained at mid-systole from the trailing edge to 
the leading edge of the aortic wall with use of the circular 
assumption (I?). A small dedicated, nonimaging, continuous 
wave Doppler transducer was used to record the ascending 
aortic blood flow from the suprasternal notch. The Doppler 
unit operates at a frequency of 3.5 MHz in a continuous 
wave mode. Both graphic display and audio signals were 
used to find peak velocity envelopes. The envelope around 
the spectrum was integrated to obtain the flow velocity 
integral with use of a microcomputer-assisted planimeter 
(Ushikata. X-PLAN 360). Three to five consecutive heart- 
beats of each Doppler tracing were measured and averaged. 
Stroke volume was calculated from the product of flow 
velocity integral and cross-sectional area of the aorta. Car- 
diac output was obtained from the product of stroke volume 
and heart rate. All representative tracings and calculations 
were performed by a single observer without knowledge of 
other data. 
Supine position leg ergometer exercise testing. Symptom- 
limited bicycle ergometer testing was performed in 34 pa- 
tients in the supine position. The exercise end point was 
exhaustion or angina. The work load was initiated at 25 W 
and increased by 25 W at 3 min intervals ( 17-19). At rest, 
thermodilution cardiac output measurements were per- 
formed three times and averaged. During exercise, a single 
thermodilution measurement was done at 2, 5. 8 and I I min 
of exercise. Pulmonary artery wedge pressure and arterial 
pressure were recorded at rest and at every minute during 
exercise. Doppler echocardiography was performed simul- 
taneously with the measurement of cardiac output by the 
thermodilution method before and during exercise (at 2. 5. 8 
and I1 min of exercise and at peak exercise). 
Hcmod.vm~mic ~wriables MYJW culurlatc4 NS followers: car- 
diac index (litersimin per m’) = cardiac output/body surface 
arca: stroke volume index (ml/m’) = cardiac index/heart 
rate. An electrocardiographic (ECG) recording (CM,, CC,. 
V; and Frank X, Y and Z leads) was obtained during 
exercise. A positive exercise test was defined as the devel- 
opment of horizontal or downsloping ST segment depression 
of at least 0. I mV or by the development of upsloping ST 
segment depression of at least 0.2 mV at 60 ms after the .I 
point. 
Cineangiography. Left heart catheterization was per- 
formed in all patients by way of the brachial or femoral 
approach. Left ventricuiogrdphy was performed in the 30 
right anterior oblique position. The left ventricular ejection 
fraction was calculated by a single plane area-length method 
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Table 1. Doppler Cardiac Output and Thermodilution Cardiac 
Output at Rest and During Mild (25 W) and Moderate to Peak (50 
to 125 W) Exercise 
Cardiac Output Rest 
During Exercise (n = 25) 
(litersimin) (n = 34) 2s w 50to 125 w 
Doppler 4.48 + 1.26* 6.52 k 1.65” 8.66 k 2.5ot 
Thermodilution 4.33 + 1.08 6.86 + 1.14 9.41 t 2.11 
*p = NS: tp < 0.001 compared with thermodilution cardiac output. 
(20). Selective coronary angiography was performed in mul- 
tiple projections of the right and left coronary arteries. 
Significant coronary stenosis was defined as the presence of 
>.50% luminal diameter narrowing in any of the three major 
coronary vessels. 
Statistical methods. Linear regression analysis was used 
to compare cardiac output obtained by Doppler echocardiog- 
raphy with that by the thermodilution method, and to 
compare the change in pulmonary artery wedge pressure 
with the percent change in peak velocity of ascending aortic 
flow. Nonpaired t tests were used for comparisons between 
two linear regression equations and between variables in 
Groups 1 and 2. Similarly, paired t tests were performed for 
comparisons between cardiac output results obtained by the 
two different methods and between variables at rest and at 
peak exercise. A p value <0.05 was considered to be 
statistically significant. Data are expressed as mean ? 1 SD. 
Results 
Exercise testing was accomplished without complica- 
tions. Good quality Doppler echocardiograms were obtained 
both at rest and during peak exercise in all patients. Favor- 
able thermodilution curves could not be obtained during 
exercise in nine patients; thus they were studied only at rest. 
Cardiac output during supine position ergometer exercise 
testing: correlation of Dopp!er and thermodilution methods 
(Table 1). During exercise testing, Doppler-derived cardiac 
output in all stages averaged 6.78 2 2.67 liters/min (range 
2.40 to 13.58), and thermodilution-derived cardiac output 
was 7.14 -+ 2.74 liters/min (range 2.31 to 14.77). The corre- 
lation coefficient comparing the Doppler and thermodilution 
estimates of cardiac output was 0.90. The equation for the 
regression line is thermodilution cardiac output = 0.92 
Doppler cardiac output + 0.91 (p < 0.001, SEE = 1.21 liters/ 
min). At rest only, the correlation coefficient between the 
two methods was 0.85; thermodilution cardiac output = 0.73 
Doppler cardiac output + 1.09 (p < 0.001, SEE = 0.59 liters/ 
min). During exercise, the correlation coefficient between 
the two methods was 0.84; thermodilution cardiac output = 
0.75 Doppler cardiac output + 2.59 (p < 0.001, SEE = 1.22 
litersimin) (Fig. 1). The two regression equations, at rest and 
during exercise, had statistically the same slope but were 
different in the Y intercept. 
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Figure 1. Correlations between Doppler cardiac output and ther- 
modilution cardiac output during supine position ergometer exercise 
testing. Qpen circles represent cardiac output results at rest (n = 34) 
and closed circles, cardiac output results at various stages during 
exercise (n = 25). 
Table 1 shows the curdiac output results obtained by the 
two methods at rest, during mild exercise (25 W), and during 
moderate to peak exercise (50 to 125 W). Differences be- 
tween the two methods were not significant at rest or during 
mild exercise, but were significant (p < 0.001) during mod- 
erate to peak exercise, with the thermodilution method 
giving the higher values. 
Application of the Doppler echocardiographic method to 
the evaluation of left ventricular function during leg exercise in 
the supine position (Fig. 2). Ejection fraction obtained by left 
ventriculography was not significantly different between 
Groups 1 and 2 (59 ? 12 versus 62 2 11%). No patient had 
a large V wave in the pulmonary artery wedge pressure 
curve (defined as exceeding the A wave pressure by > 10 mm 
Hg) during peak exercise. Exercise duration ranged from 3.5 
to 9.3 min (average 6.3) in Group 1, and from 6.0 to 12.0 min 
(average 9.8) in Group 2. The heart rate at rest did not differ 
significantly between Groups 1 and 2 (65 +- 9 versus 68 -t 13 
beatsimin). The difference was significant at peak exercise 
(111 ? 14 versus 132 2 17 beatsimin, p < 0.005). Chest pain 
with changes in the ST segment indicative of coronary artery 
disease was noted during exercise in 9 of the 11 patients in 
Group 1 and 6 of the 14 patients in Group 2. 
Changes in stroke volume index and cardiac index during 
exercise obtained by the thermodilution method (Table 2). 
Pulmonary artery wedge pressure ranged from 1 to 23 mm 
Hg at rest and increased to 20 to 50 mm Hg at peak exercise 
in Group 1; values in these patients were elevated ~15 mm 
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Figure 2. Changes in Doppler velocity envelopes in a patient from 
Group I (aged 38 years) (A) and from Group 2 (aged 55 years) (B) at 
rest and during exercise. The Group 1 patient (A) complained of 
angina and exhibited excessive elevation in pulmonary artery wedge 
pressure at peak exercise, but the change in the ascending aortic 
flow was minimal. In contrast. the Group 2 patient (B) experienced 
angina and had ischemic ST segment depression. but the ascending 
aortic flow increased considerahly until peak exercire. 
Hg from baseline. In contrast, values in Group 2 patients 
were elevated <I5 mm Hg from baseline. Stroke volume 
index increased significantly from 39 -C 7 ml/m’ at rest to 4X 
t 7 at peak exercise in Group 2 (p < O.OOl), but did not rise 
significantly in Group 1 (from 41 i 9 to 41 5 7 ml/m’). The 
difference between the two groups was significant at peak 
exercise (p < 0.05). The cardiac index was 2.63 2 0.50 liters/ 
min per m’ at rest and increased to 6.23 2 1.03 at peak 
exercise in Group 2. The increase observed in Group I (from 
3.61 2 0.44 to 4.46 + 0.73 litersimin per m’) was significantly 
less than that in Group 2 (p < 0.001). 
Changes in stroke volume index and cardiac index obtained 
by Doppler echocardiography: comparison between invasive 
and noninvasive methods (Table 2). The Doppler-derived 
stroke volume index decreased significantly from 39 i 7 ml/ 
m’ at rest to 35 z 6 at peak exercise in Group 1 (p < 0.05). 
In contrast, in Group 2 it did not decrease significantly (from 
43 2 6 to 44 I!I 5 ml/m’). At peak exercise, there was a 
significant difference between Groups 1 and 2 (p < 0.005). 
The Doppler-derived stroke volume index results underesti- 
mated the invasively derived values at peak exercise. The 
increase of Doppler-derived cardiac index in Group I (2.51 + 
0.48 to 3.84 t 0.66 litersimin per m’) was less than that in 
Group 2 (2.94 t 0.66 to 5.79 ? I.16 litersimin per m’). The 
difference in cardiac index between the two groups was 
significant at peak exercise in both methods ( p < 0.001, 
respectively). 
Changes in peak velocity of ascending aortic blood flow 
(Table 2). The peak velocity of ascending aortic blood flow 
in Group 2 was 0.63 ? 0.09 m/s at rest, increasing signifi- 
cantly to 0.87 + 0.14 m/s at peak exercise (p < 0.001). In 
contrast, peak velocity in Group I did not increase signifi- 
cantly (0.54 i- 0.10 to 0.57 2 0.12 m/s) (Fig. 3). The 
difference between the two groups was significant at rest and 
at peak exercise (p < 0.05 and p < 0.001, respectively). The 
percent change in peak velocity from rest to peak exercise in 
Group I was significantly less (+7 -C 13%) than in Group 2 
(+40 -t 20%) (p < 0.001). The correlation coefficient be- 
tween the change in pulmonary artery wedge pressure and 
the percent change in peak velocity from rest to peak 
exercise was -0.66 (p < 0.001) (Fig. 4). 
Discussion 
Accuracy of cardiac output by continuous wave Doppler 
echocardiography during supine position leg exercise testing. 
Patients with coronary artery disease frequently have im- 
paired left ventricular function during ischemia precipitated 
only by exercise. Exercise ECG is a simple and valuable 
diagnostic test for the clinical evaluation and management of 
patients with coronary artery disease. However, this test is 
deficient in providing hemodynamic data. Therefore, the 
accurate measurement of cardiac output during exercise 
ECG testing is necessary and important for the close evalu- 
ation of patients with coronary artery disease. 
The thermodilution method is a widely used invasive 
method for measuring cardiac output. However. the thermo- 
dilution principle, with its assumption of steady state condi- 
tions. is not well adapted to measuring pulsatile flow (8,21). 
It has been pointed out that the thermodilution method is not 
ideally suited to the measurement of cardiac output during 
exercise, and that cardiac output results obtained by this 
technique might be overestimated during exercise (21). In- 
adequate mixing of the indicator and errors in calculating the 
area under the temperature-time curve were thought to be 
the main source of this overestimation during exercise. In 
the present study. we investigated the accuracy of continu- 
ous wave Doppler echocardiography as a method of measur- 
ing cardiac output during exercise testing. comparing the 
results with those obtained by the thermodilution method 
performed simultaneously. To check the consistency of 
cardiac output results obtained by the thermodilution 
method. we displayed the thermodilution curve on a re- 
corder. Irregular curves were discarded because they were 
not reliable and are known to be caused by inadequate 
mixing, by contact between the wall of the vessel and 
thermistor or by rapid changes in heart rate or blood 
pressure (8). 
Loeber et al. (22) measured cyclic dimensional changes in 
the aorta of their open chest animal preparation by a 
mercury strain gauge plethysmograph. They indicated that 
aortic area could be changed by the following conditions: 
increased or decreased preload. increased afterload and 
administration of dobutamine. Other studies (23-25) also 
showed increments in the aortic diameter at a high flow rate. 
During exercise the intraluminal aortic pressure increases 
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Table 2. Individual Thermodilution and Cardiac Output Data in 25 Patients 
Thermodilution Doppler Echocardiography 
PAWP SVI Cl (litersimin SVI Cl (litersimin 
Patient 
(mm Hs) 
Age ~ 
(ml/m’) per m’) Peak V (m/s) (ml/m’) per m’) CAD 
(no. of 
No. (yr) R P R P R P R P R P R P vessels) 
Group I Patients (PAWP ~20 mm Hg rise) 
I 63 23 50 38 37 2.36 3.54 0.45 0.52 32 32 2.08 3.07 3 
2 63 5 25 40 38 3.00 3.84 0.60 0.60 46 41 3.70 4.34 2 
3 60 I 24 43 31 2.60 3.84 0.63 0.80 42 36 2.54 3.73 I 
4 60 6 27 46 45 2.83 4.82 0.64 0.58 42 35 2.66 3.70 I 
5 38 6 42 43 36 3.36 4.53 0.62 0.65 32 32 2.50 4.01 3 
6 58 1s 35 45 48 2.71 5.80 0.54 0.65 45 44 2.71 5.28 2 
7 61 8 24 60 51 3.07 5.69 0.60 0.65 46 37 2.64 4.19 I 
8 55 IO 30 28 30 1.93 3.95 0.33 0.37 27 30 1.92 3.92 I 
9 52 5 20 41 48 2.19 4.36 0.46 0.50 42 38 2.27 3.45 I 
IO 49 6 40 29 34 2.17 4.23 0.56 0.48 30 23 2.02 2.80 3 
II 71 9 34 39 45 2.49 4.45 0.47 0.50 40 38 2.55 3.71 I 
Mean 9 32 41 41 2.61 4.46 0.54 0.57 39 35 2.51 3.84 
~1 SD 6 9 9 7 0.44 0.73 0.10 0.12 7 6 0.48 0.66 
Group 2 Patients (PAWP 120 mm Hg rise) 
12 60 4 9 39 41 3.06 6.84 0.50 0.80 39 44 3.04 1.53 I 
I3 62 5 8 42 62 2.24 8.54 0.66 I .05 49 54 2.12 1.44 1 
14 68 1 6 32 49 2.55 1.21 0.58 0.82 37 40 2.89 6.32 I 
I5 45 5 I8 35 45 3.04 5.58 0.65 1.05 39 41 3.09 5.37 I 
I6 44 I 7 36 47 2.82 6.06 0.80 0.93 51 47 3.91 6.30 I 
I7 53 3 5 4s 57 2.40 6.64 0.56 0.94 40 48 2.19 5.28 I 
18 38 6 9 53 55 3.89 7.28 0.76 0.95 55 53 4.37 7.35 0 
19 67 IO 13 40 41 2.10 5.27 0.60 0.96 36 36 I .98 4.32 I 
20 67 6 I2 29 44 1.87 5.16 0.53 0.63 45 45 2.11 5.17 I 
21 55 5 I5 30 44 2.29 5.76 0.65 0.99 40 48 3.16 6.24 I 
22 57 6 16 34 45 2.85 6.16 0.62 0.75 40 46 3.44 6.26 2 
23 43 9 II 41 46 2.71 5.13 o.s5 0.66 4s 40 2.84 4.44 I 
24 61 9 16 48 45 2.61 4.95 0.63 0.75 39 37 2.35 4.07 2 
25 58 9 IO 43 57 2.41 6.65 0.70 0.94 41 43 2.34 5.00 I 
Mean 6 II 39* 48i 2.63* 6.23$ 0.63+ 0.87$ 43* 441 2.94* 5.79$ 
+I SD 3 4 7 7 0.50 I .03 0.09 0.14 6 5 0.66 I.16 
*p = NS, tp < 0.05, $p < 0.001, $p < 0.005 compared with values in Group I. CAD = coronary artery disease; Cl = cardiac index: P = at peak exercise; 
PAWP = pulmonary artery wedge pressure: Peak V = peak velocity of ascending aortic flow; R = at rest; SVI = stroke volume index. 
and there may be increments in the cross-sectional aortic 
area at the site of velocity measurement. Thus, it was 
thought that Doppler-derived cardiac output results were 
lower than the invasively derived values because of changes 
in aortic diameter during exercise. In this study we could not 
measure the aortic diameter during exercise because of 
technical difficulties, so that the difference in aortic diameter 
between rest and peak exercise could not be estimated. 
In this study Doppler-derived cardiac output results were 
well correlated with thermodilution-derived results not only 
at rest but also during exercise. Our Doppler calculations, 
made with diameter measurements taken at the level just 
above the sinuses of Valsalva, were previously documented 
by Gardin et al. (12). The mean values of the two methods 
were similar at rest and during mild exercise. Doppler 
echocardiographic estimates obtained during moderate to 
peak exercise tended to underestimate the invasively de- 
rived values because of technical difficulties and the changes 
in aortic diameter during exercise. Conversely, the thermo- 
dilution measurement during exercise might be overesti- 
mated. Levett and Replogle (8) reported that the overall 
biologic error of most clinical methods of cardiac output 
determination is in the range of 15 to 20%. 
These findings suggest that the Doppler method may 
provide a reliable technique for measuring cardiac output 
during exercise testing which is comparable to other clinical 
methods. This possibility is given support by the significant 
differences in cardiac index and stroke volume index in 
Group 1 and 2 patients at peak exercise as assessed by both 
the thermodilution and Doppler methods. However, the 
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Figure 3. Individual values (mean * 1 SD) for peak velocity of 
ascending aortic flow at rest and at peak exercise. Peak velocity 
increase was significant in Group ? (peak pulmonary artery pressure 
<?O mm Hg. p < 0.001). but not significant in Group I (>20 mm Hg 
peak pulmonary artery pressure). The difference between group5 
was significant at rest and at peak exercise ( p < 0.05 and p < 0.001. 
respectively). Closed circles represent patients with exercise- 
induced ST segment depression: open circles represent patients 
without ST segment depression. 
possibility that cardiac output results are underestimated by 
the Doppler method should be kept in mind. We suggest 
that, for correct interpretation, the appropriate regression 
equations for comparing the Doppler and thermodilution 
measurements should be used at rest and during exercise. 
Evaluation of left ventricular function in patients with 
coronary artery disease during supine position leg exercise 
testing. The severity of exercise-induced left ventricular 
dysfunction was not identical in patients with coronary 
artery disease. Recent studies (2629) have evaluated pa- 
tients with coronary artery disease during exercise testing 
using the Doppler method. However, no one had investi- 
gated Doppler-derived variables in patients with coronary 
artery disease and correlated them with invasive hemody- 
namic variables indicative of left ventricular dysfunction 
during supine dynamic exercise. The stroke volume index. 
cardiac index and pulmonary artery wedge pressure were 
used in this study as clinically relevant markers of left 
ventricular function. An excessive elevation of left ventric- 
ular end-diastolic pressure is considered to be due to abnor- 
mal ventricular compliance or severe impairment of contrac- 
tility, or both (30-32). Parker et al. (1) considered that values 
of left ventricular end-diastolic pressure 220 mm Hg during 
supine exercise were abnormal. Left ventricular end- 
% 
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Changes in Pulmonary Artery Wedge Pressure 
Figure 4. Correlation between the change in pulmonary artery 
wedge pressure and the percent change in peak velocity of ascend- 
ing aortic Row from rest to peak exercise in Groups I and 2. 
diastolic pressure is a suitable indicator of left ventricular 
function and exercise-induced excessive increment in this 
variable is thought to be indicative of left ventricular dys- 
function due to a larger amount of ischemic myocardium in 
patients with coronary artery disease (l-3). 
Piilmonar?; artery wedge pressure accurately reflects left 
ventricular end-diastolic pressure in most clinical conditions 
(12) except in the presence of mitral regurgitation (33). In 
this study, left ventriculography showed mild mitral regur- 
gitation in two patients, but none had moderate to severe 
mitral regurgitation. No patients had a large V wave of 
pulmonary artery wedge pressure, which was defined as 
exceeding the A wave pressure by >I0 mm Hg (33), at rest 
or during exercise. Haskell and French (33) observed that 
pulmonary artery wedge pressure could estimate left ven- 
tricular end-diastolic pressure despite the presence of mitral 
regurgitation if the V wave was small. Therefore, we classi- 
fied patients into two groups according to the value of 
pulmonary artery wedge pressure at peak exercise. 
Patients \tith multhvssel cwmury artcry theme or with 
proximal stenotic lesions in the left anterior descending 
artery, or both, may exhibit pronounced abnormality of left 
ventricular function during acute ischemia (34.35). In this 
study. patients with triple vessel coronary artery disease or 
with proximal stenotic lesions in the left anterior descending 
artery were all classified in Group 1 except for one 61 year 
old patient who had good collateral flow from the right 
coronary artery. In the Group I patients. pulmonary artery 
wedge pressure was excessively elevated during exercise 
testing. perhaps because of a larger extent of left ventricular 
ischemic mass. Increments in stroke volume index and 
cardiac index were of lower magnitude in Group 1 than in 
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Group 2. Both the noninvasively and invasively derived 
stroke volume index and cardiac index differed significantly 
between the two groups at peak exercise. 
Peak aortic Row velocity during exercise-induced ischemia. 
Cardiac output during exercise is influenced by the increase 
in heart rate and the difference in cardiac output among 
patients and may possibly be due to disparities in level of 
exertion. Stroke volume might be maintained as a result of 
the increment in left ventricular end-diastolic volume, de- 
spite decreased systolic shortening of the ischemic myocar- 
dial segment (32). On the other hand, peak velocity of 
ascending aortic flow has long been known to be directly 
related to left ventricular performance, similar to peak 
acceleration of ascending aortic flow (36-41). Sabbah et al. 
(40) observed a good correlation between peak aortic flow 
velocity obtained by the Doppler method and left ventricular 
ejection fraction obtained by left ventriculography. In exper- 
imental open chest dogs, these investigators also reported 
(41) a correlation coefficient of 0.77 between percent changes 
in the left ventricular ischemic mass and percent changes in 
peak aortic flow velocity. Therefore, when left ventricular 
contraction is impaired as a result of acute myocardial 
ischemia, it is likely that this impairment may be directly 
reflected by the peak aortic flow velocity during exercise. In 
this study, it was reflected as a much smaller increase or 
decline in peak velocity from rest to peak exercise in Group 
1 patients compared with Group 2 patients. The correlation 
between the percent change in peak velocity of ascending 
aortic blood flow and the change in pulmonary artery wedge 
pressure, which would be correlated with the extent of left 
ventricular ischemic mass, was significant. Pulmonary artery 
wedge pressure and peak velocity of ascending aortic flow 
are quite different manifestations of left ventricular perfor- 
mance, and each index is likely to be affected differently by 
changes in preload, afterload and contractility. However, 
the results of this study suggest that both indexes would 
reflect the extent of ischemic mass, and that it may be 
possible to derive a value for change in peak velocity of 
ascending aortic flow from rest to peak exercise that would 
discriminate between patients with normal versus abnormal 
elevations in pulmonary artery wedge pressure during exer- 
cise. 
Limitations of Doppler echocardiography during exercise. 
Performing Doppler echocardiography from the suprasternal 
notch is not easy during exercise because of excessive chest 
wall motion and hyperexpansion of the lungs (14-16,26-29). 
It is difficult to maintain a constant sample volume site 
during the progressive stages of exercise if a pulsed wave 
Doppler transducer is used. Use of a small dedicated con- 
tinuous wave Doppler transducer with technical proficiency 
may help to overcome these problems. In addition, we 
analyzed three to five of the best quality Doppler waveforms 
available from each continuous recording. In this study we 
obtained satisfactory results, suggesting that the effects of 
excessive movement and lung expansion were not a problem 
in the patients evaluated. 
Conclusions. This study demonstrates that 1) continuous 
wave Doppler echocardiography appears to provide a reli- 
able, noninvasive technique for the measurement of cardiac 
output, not only at rest but also during dynamic exercise. 2) 
The changes in cardiac index and peak velocity of ascending 
aortic blood flow from rest to peak exercise in patients with 
a normal pulmonary artery wedge pressure during exercise 
show significant differences compared with those in patients 
with an excessively elevated pulmonary artery wedge pres- 
sure during exercise. 3) The percent change in peak velocity 
of ascending aortic blood flow from rest to peak exercise 
may be a useful index for discriminating between patients 
with normal versus abnormal elevations in pulmonary artery 
wedge pressure during exercise testing. 
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